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To inhibit expression specifically in the phloem, a 274-bp fragment of a cDNA (

 

Gln1-5

 

) encoding cytosolic glutamine
synthetase (GS1) from tobacco was placed in the antisense orientation downstream of the cytosolic Cu/Zn superoxide
dismutase promoter of 

 

Nicotiana plumbaginifolia.

 

 After Agrobacterium-mediated transformation, two transgenic 

 

N.
tabacum

 

 lines exhibiting reduced levels of 

 

GS1

 

 mRNA and GS activity in midribs, stems, and roots were obtained. Im-
munogold labeling experiments allowed us to verify that the GS protein content was markedly decreased in the phloem
companion cells of transformed plants. Moreover, a general decrease in proline content in the transgenic plants in
comparison with wild-type tobacco was observed when plants were forced to assimilate large amounts of ammonium.

 

In contrast, no major changes in the concentration of amino acids used for nitrogen transport were apparent. A 

 

15

 

NH

 

4

 

1

 

-
labeling kinetic over a 48-hr period confirmed that in leaves of transgenic plants, the decrease in proline production
was directly related to glutamine availability. After 2 weeks of salt treatment, the transgenic plants had a pronounced
stress phenotype, consisting of wilting and bleaching in the older leaves. We conclude that GS in the phloem plays a
major role in regulating proline production consistent with the function of proline as a nitrogen source and as a key me-
tabolite synthesized in response to water stress.

INTRODUCTION

 

In higher plants, glutamine synthetase (GS; EC 6.3.1.2) is a key
enzyme involved in the assimilation of inorganic nitrogen into
organic forms (O’Neal and Joy, 1973; Lea and Miflin, 1974). GS
catalyzes the ATP-dependent condensation of ammonium with
glutamate to yield glutamine, which then provides nitrogen
groups, either directly or via glutamate for the biosynthesis
of all nitrogenous compounds in the plant (Lea et al., 1989).

Two groups of GS isoenzymes, plastidic (GS2) and cyto-
solic (GS1), have been identified in higher plants (McNally et
al., 1983; Hirel et al., 1993). In the majority of higher plants,
GS2 is predominant in most chlorophyllous tissue and is lo-
calized in the chloroplast stroma (Botella et al., 1988;
Brangeon et al., 1989; Dubois et al., 1996). In a limited num-
ber of species, such as legumes, GS2 was shown to be
present also in plastids of either roots (Vézina and Langlois,
1989) or root nodules (Lightfoot et al., 1988; Brangeon et al.,
1989), representing 

 

z

 

5% of total GS protein content. More

recently, isolation of cDNAs encoding GS2 allowed the
demonstration that in most plant species, this isoenzyme is
encoded by a single nuclear gene per haploid genome
(Lightfoot et al., 1988; Becker et al., 1992). Using photore-
spiratory mutants of barley that were deficient in leaf GS2
activity, Blackwell et al. (1987) and Wallsgrove et al. (1987)
demonstrated that GS2 is indispensable for the reassimila-
tion of ammonium released from the photorespiratory nitro-
gen cycle. Interestingly, these mutants possess levels of
GS1 protein and activity comparable to the wild type and
display no phenotypic changes when grown under nonpho-
torespiratory conditions (Blackwell et al., 1987; Wallsgrove
et al., 1987). Therefore, these observations imply that root
and leaf GS1 activities that remain in these mutants are suf-
ficient for normal plant growth and development.

GS1 is predominant in roots (Hirel et al., 1993; Oliveira et
al., 1997). However, in shoots, its activity relative to GS2 varies
between tissues and between species examined (McNally
and Hirel, 1983; McNally et al., 1983). Immunocytochemical
evidence has demonstrated that leaf GS1 protein is local-
ized in the vascular tissue, in which a high proportion of the
protein is concentrated in the phloem companion cells
(Carvalho et al., 1992; Kamachi et al., 1992; Pereira et al.,
1992; Dubois et al., 1996; Peat and Tobin, 1996; Sakurai et
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al., 1996). However, in C

 

4

 

 plants, such as maize, additional
GS1 protein and activity have been detected in the cytosol
of both bundle sheath and mesophyll cells (Yamaya and
Oaks, 1988; Becker et al., 1993).

The physiological role of leaf GS1 remains to be eluci-
dated. In most species examined thus far, GS1 is encoded
by a multigene family composed of at least three different
members (Cullimore et al., 1984; Gebhardt et al., 1986;
Tingey et al., 1987, 1988; Lightfoot et al., 1988; Peterman
and Goodman, 1991; Li et al., 1993; Roche et al., 1993; Lam
et al., 1995). In tobacco, two of these, 

 

Gln1-5

 

 and 

 

Gln1-3

 

,
have been characterized previously, and the corresponding
cDNAs were used to study transcript abundance in vegeta-
tive and reproductive organs (Dubois et al., 1996). We
showed that 

 

Gln1-5

 

 transcripts are expressed mainly in the
phloem, whereas 

 

Gln1-3

 

 transcripts are abundant in the cy-
tosol of roots and floral organs, such as petals, anthers, and
ovaries (Dubois et al., 1996). Although it is generally thought
that GS1 plays a major role in the assimilation of ammonium
derived from nitrate reduction in roots, the role of GS1 in the
vascular tissue is not well defined. One possibility is that GS1
may be involved in vascular nitrogen transport (Edwards et
al., 1990; Dubois et al., 1996). Interestingly, induction of GS1
has been observed in tissues such as senescing leaves and
cotyledons (Kawakami and Watanabe, 1988; Kamachi et al.,
1991; Bernhard and Matile, 1994; Watanabe et al., 1994;
Pérez-Rodríguez and Valpusta, 1996), suggesting that GS1
also may be involved in the remobilization of nitrogen. Con-
sistent with this hypothesis, 

 

Lotus corniculatus

 

 plants over-
expressing GS1 in the leaf cytosol exhibited accelerated
nitrogen remobilization (Vincent et al., 1997).

To date, no GS1 mutants have been isolated, possibly be-
cause there is more than one gene encoding GS1 and each is
differentially expressed in a particular organ or tissue. There-
fore, we decided to develop an RNA antisense strategy to
decrease or eliminate the expression of single members of the
GS1 multigene family. To investigate the role of GS1 in vascu-
lar tissue, inhibition of the expression of GS1 specifically in
the phloem was achieved using tobacco as a model system
(Dubois et al., 1996). Molecular and immunocytochemical anal-
yses were performed to select transgenic 

 

Nicotiana tabacum

 

plants with reduced GS activity in the phloem. Measurement
of various parameters, such as amino acid and ammonium
content in leaves roots and phloem sap, was used to evalu-
ate the physiological impact of modified GS activity.

 

RESULTS

Phloem-Specific Expression of an Antisense Cystolic 

 

GS

 

 
Gene Results in a Decrease in GS1 Protein and Activity 
in the Vascular Tissue of Transgenic Tobacco Plants

 

A 274-bp fragment from the coding region of the tobacco

 

Gln1-5

 

 cDNA, which corresponds to a 

 

GS

 

 gene specifically

expressed in the phloem (Dubois et al., 1996; EMBL acces-
sion number X95932), was placed in the antisense orien-
tation downstream of the cytosolic Cu/Zn superoxide
dismutase (

 

SOD

 

) promoter of 

 

N. plumbaginifolia

 

 (Hérouart et
al., 1993). This promoter directs phloem-specific expression
of a 

 

b

 

-glucuronidase reporter gene in transgenic tobacco
plants (Hérouart et al., 1994). The construct was cloned into
a pBI-type vector (Bevan, 1984) and introduced in tobacco
via Agrobacterium-mediated transformation using a leaf disc
protocol (Horsch et al., 1985). Kanamycin-resistant tobacco
plants were regenerated, and eight independent primary
transformants were selected for further analysis. The steady
state level of 

 

GS1

 

 mRNA in midribs of transgenic tobacco
plants was determined by RNA gel blot analysis using the

 

32

 

P-labeled insert of 

 

Gln1-5

 

 cDNA (Dubois et al., 1996) as a
probe. Because it does not cross-hybridize with 

 

GS2

 

mRNA, the 

 

Gln1-5

 

 probe allows quantitative estimation of
the 

 

GS1

 

 transcript amounts (Dubois et al., 1996).
Compared with the untransformed control plants, similar

amounts of 

 

GS1

 

 transcripts were detectable in six of the
eight independent primary transformants (Figure 1A). 

 

GS1

 

transcripts were almost undetectable in two primary trans-
formants (Figure 1A, lanes 7 and 9). These two primary
transformants were named SOD-AS7 and SOD-AS9. The
lower migrating band exhibiting variable intensities corre-
sponds to the 

 

Gln1-5

 

 antisense mRNA present in the differ-
ent transformants. Interestingly, 

 

Gln1-5

 

 antisense transcripts
were absent in three primary transformants, including the
SOD-AS7 and SOD-AS9 plants (Figure 1A). Equal amounts
of total RNA were loaded in each lane (Figure 1B). In leaf
lamina, the concentration of transcripts encoding GS2,
which were used as controls to check the specificity of 

 

GS1

 

mRNA antisense inhibition, remained constant in SOD-AS7
and SOD-AS9 (Figure 1C). SOD-AS7 and SOD-AS9 trans-
formants were selected and self-pollinated. The T

 

1

 

 progeny
were used for further molecular and physiological analyses.

To demonstrate that the observed decrease in 

 

GS1

 

mRNA corresponded to a relative decrease in the steady
state amount of 

 

Gln1-5

 

 mRNA in the leaf midrib, an RNase
protection analysis was performed by using a 

 

32

 

P-labeled
antisense RNA probe, 

 

NT5

 

, corresponding to the 3

 

9

 

 untrans-
lated region of 

 

Gln1-5

 

 (Dubois et al., 1996). The mRNA cor-
responding to 

 

Gln1-5

 

, represented by a single protected
fragment, was not present in SOD-AS7 and SOD-AS9 T

 

1

 

transformants (Figure 2A), demonstrating that 

 

Gln1-5

 

 mRNA
was absent from their midribs.

In a previous study, we showed that the GS1 isoform en-
coded by 

 

Gln1-5

 

 was expressed almost exclusively in the
vascular tissue (Dubois et al., 1996). Therefore, an RNase
protection assay was performed to determine whether 

 

Gln1-
5

 

 expression was impaired in stem and root tissues of SOD-
AS7 and SOD-AS9 T

 

1

 

 transformants. 

 

Gln1-5

 

 transcripts
were absent from both roots and stems of transgenic plants
(Figures 2B and 2C), suggesting that 

 

Gln1-5

 

 mRNA was
eliminated in all vegetative organs of tobacco. To check the
specificity of the inhibition of 

 

Gln1-5

 

 expression in the
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phloem, an additional RNase protection experiment was
performed using the 

 

32

 

P-labeled antisense probe 

 

NT3

 

, which
corresponds to the 3

 

9

 

 noncoding region of 

 

Gln1-3

 

 cDNA
(Dubois et al., 1996). We have shown previously that 

 

Gln1-3

 

mRNAs were highly expressed in roots but could not be de-
tected in stems or leaf lamina (Dubois et al., 1996). The re-
sults of the RNase protection experiment presented in Figure
2D clearly demonstrate that the expression of 

 

Gln1-3

 

 was not
modified in roots of SOD-AS7 and SOD-AS9 T

 

1

 

 transformants.
To determine whether the decrease in 

 

Gln1-5

 

 gene ex-
pression led to a decrease of GS activity, total enzyme activ-
ity was measured in crude extracts from roots, stems, and
leaf lamina of T

 

1

 

 SOD-AS7 and SOD-AS9 transformants (Ta-

ble 1). A 20% decrease in total GS activity was detected in
stems of transgenic plants in comparison with untrans-
formed control plants. Similar results were obtained in mid-
ribs (data not shown). In roots, a significant decrease of

 

z

 

30% in total enzyme activity was observed, whereas in
leaf lamina, no major changes were detected (Table 1). This
result shows that total GS activity was significantly lower
only in plant organs containing large amounts of vascular
tissue.

The GS isoenzyme content in SOD-AS7 and SOD-AS9 T

 

1

 

transformants exhibiting 20% less GS activity in stems was
examined after DEAE-Sephacel chromatography (Figure 3).
The disappearance of both GS1 protein and GS1 activity
(Figures 3A, 3C, and 3D) was observed in transgenic plants
containing the GS antisense construct. Analysis of the sub-
unit composition of GS showed that a major polypeptide of
45 kD predominated in stems of both transgenic and un-
transformed control plants. This polypeptide corresponds to
GS2, the plastidic isoform of GS (Figures 3B, 3C, and 3D,
fractions 21 to 28). In this tissue, two less abundant
polypeptides, namely, 

 

a

 

 and 

 

b

 

, were also identified (38 and
40 kD, respectively). These two smaller peptides are the ma-
jor components of the GS1 isoform in the phloem of un-
transformed plants (Figure 3B, fractions 30 to 38) and are
almost undetectable in transgenic plants (Figures 3C and
3D, fractions 30 to 38). Whether these two polypeptides cor-
respond to the translation products of two closely related
genes encoding 

 

Gln1-5

 

 genes in the amphidiploid genome
of 

 

N. tabacum

 

 or are the result of post-translational modifi-
cations of a single gene product remains to be determined.
Another GS1 subunit (38 kD) also was detected in both
transformed and untransformed control plants (Figures 3B
to 3D, fractions 21 to 26). However, using our experimental
procedures, it was not possible to verify whether this GS1
protein was still active in the stem tissue. Similar results
were obtained when leaf midrib protein extracts of SOD-
AS7 or SOD-AS9 transgenic plants were submitted to ion
exchange chromatography (data not shown).

In root tissue of untransformed control plants, a major
polypeptide of 38 kD and a minor polypeptide of 40 kD cor-
respond to the cytosolic form of GS. The polypeptide of 45
kD corresponds to the plastidic form of the enzyme (Figure
3E). In transgenic plants, the 40-kD 

 

a

 

 polypeptide was un-
detectable, whereas a 5 to 10% decrease of the 38-kD
polypeptide was observed after protein gel blot analysis.
This decrease is likely to correspond to the absence of
polypeptide 

 

b

 

, which also exhibits a molecular mass of 38
kD. The remaining 38-kD polypeptide corresponds to the
GS protein present in the roots that was not affected by the
antisense inhibition in the vascular tissue (the latter was ver-
ified by densitometric scanning

 

 

 

of the protein gel blot). Be-
cause the 

 

a

 

 and 

 

b

 

 polypeptides were present in rather small
quantities, it was not possible to confirm by two-dimen-
sional gel electrophoresis whether they were lacking in roots
of transgenic plants. After densitometric scanning, no signif-
icant differences could be detected in the levels of GS2

Figure 1. Analysis of GS Transcripts in the Midribs and the Leaf
Lamina of Primary SOD-AS Tobacco Transformants.

(A) RNA gel blot analysis of the GS1 mRNA steady state levels in
midribs of an untransformed control plant (lane 1) and eight primary
transformants containing the pBI-SOD-AS construct (lanes 2 to 9).
Total RNA samples (10 mg) were hybridized with the tobacco GS
cDNA clone Gln1-5 (Dubois et al., 1996).
(B) The ribosomal RNA bands visible after staining with ethidium
bromide.
(C) RNA gel blot analysis of the GS2 mRNA steady state levels in
leaf lamina of an untransformed control plant (lane 1) and eight pri-
mary transformants containing pBI-SOD-AS (lanes 2 to 9). The total
RNA sample (10 mg) was hybridized with the tobacco GS cDNA
clone pGS217 (Becker et al., 1992).
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found in roots of transformed and untransformed plants
(Figure 3E). Because the GS1 isoenzyme in the root vascular
tissue eluted at the same ionic strength as did that of the re-
mainder of the root tissue, it was not possible, as it was with
stems or midribs, to separate the two GS1 activities by
DEAE-Sephacel chromatography. Moreover, it was not pos-
sible to separate GS1 and GS2 activities by using the same
technique or affinity chromatography. However, the protein
gel blot presented in Figure 3E clearly shows that the
amount of GS2 polypetide was similar in both transgenic
and untransformed control plants, indicating that the ex-
pression of the GS2 isoenzyme was not modified in the anti-
sense plants.

Immunocytochemical studies using both light (Figure 4)
and electron microscopy (Figures 5 and 6) techniques were
employed to determine at the cellular and intracellular levels
whether GS was specifically impaired in the phloem of trans-
formed tobacco plants. GS was localized in stem sections of
SOD-AS–transformed tobacco plants and untransformed con-
trol plants by using immunogold labeling, followed by silver
enhancement (Dubois et al., 1996). Tissue sections treated
with gold-labeled anti-GS antibodies recognizing both GS1
and GS2 allowed the detection of GS in the cytosol or the
plastids. A bright-field microscope emitting epipolarized light
was used for these experiments, and the silver-enhanced
gold particles appeared as a bright blue-green color.

The absence of detectable signal in the vascular bundles
of sections treated with preimmune serum indicated that
there was no unspecific labeling (Figure 4B). Figure 4A gives
an overall view of a stem section treated with Periodic Acid
Schiff’s–Naphtol Blue-Black (PAS-NBB) in which polysac-
charides, cell wall, and starch were stained red, with soluble
proteins appearing as blue-black.

A stem section of untransformed control plants showed
gold particles associated with chloroplasts of the subepider-
mic cell layer and the amyloplasts of the internal starch
sheath layer (Figure 4C), whereas in the vascular bundles,
labeling was only detected in the cytoplasm (Figures 4C and
4D). In a similar stem section of SOD-AS transgenic plants,

Figure 2. Expression of GS Transcripts in Midribs, Stems, and
Roots of Untransformed Control Plants and pBI-SOD-AS Tobacco
T1 Transformants.

(A) to (C) Steady state amount of Gln1-5 transcripts in midribs (A),
stems (B), and roots (C) of three different untransformed control
plants (lanes 2 to 4) and of the SOD-AS7 and SOD-AS9 T1 trans-
genic lines (lanes 5 and 6). S1 nuclease analyses were performed
using 10 mg of total RNA. Lanes 1 show the position of the Gln1-5
antisense probe (243 bp). The length of the probe protected from S1
nuclease digestion in RNA-RNA hybrids is 218 bp.
(D) Steady state amount of Gln1-3 transcripts in roots of untrans-
formed control plants (lanes 2 to 4) and of the SOD-AS7 and SOD-
AS9 T1 transgenic lines (lanes 5 and 6). Lane 1 shows the position of
the Gln1-3 antisense probe (298 bp). The length of the probe pro-
tected from S1 nuclease digestion in RNA-RNA hybrids is 289 bp.

 

Table 1.

 

Total GS Activity in SOD-AS–Transformed Plants

GS Activity (nmol GHA mg protein

 

2

 

1

 

 min

 

2

 

1

 

)

 

a

 

Plants Leaf Lamina Stems Roots

Control 122.4

 

 6

 

 27 40.0

 

 6

 

 2.1 30.4

 

 6

 

 2.9
SOD-AS7 122.6

 

 6

 

 11 32.8

 

 6

 

 2.5 14.4

 

 6

 

 6.9
SOD-AS9 131.6

 

 6

 

 15 31.1

 

 6

 

 3.1 13.4

 

 6

 

 4.1

 

a

 

GS activity (GHA) was measured in leaf lamina, stems, and roots of
tobacco plants grown for 8 weeks on a complete N12 solution (see
Methods). Values are the mean 

 

6

 

SD

 

 of six untransformed control
plants and the mean of three individual plants of the SOD-AS7 or
SOD-AS9 transgenic T

 

1

 

 lines.
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immunogold labeling was still detected in the chloroplasts of
the subepidermic cell layer and the amyloplasts of the inter-
nal starch sheath layer (Figure 4E), whereas the vascular
bundles were only weakly stained (Figures 4E and 4F).

To confirm that the amount of GS protein was specifically
impaired in the vascular tissue of transgenic plants, GS also
was localized using transmission electron microscopy. Fig-
ures 5D to 5F show that labeling in the cytoplasm of phloem
cells was just above the background level (Figure 5G) in
SOD-AS–transformed plants, whereas in the untransformed
control plants, gold particles were abundant within the com-
panion cells (Figures 5B and 5C). Other organelles, such as
mitochondria, remained unstained. In contrast, the amount
of GS2 within the chloroplast stroma of the subepidermic
cell layer was not significantly different in stems of either
transformed or untransformed control plants. Figure 5A
shows the intense labeling in the chloroplast stroma in SOD-
AS–transformed plants. Similar results were obtained in un-
transformed control plants (data not shown).

We also studied GS localization in root tissues of untrans-
formed control plants and SOD-AS–transformed plants by
using transmission electron microscopy–immunogold label-
ing. The pattern of GS distribution in epidermal and cortical
root cells was similar in both control and SOD-AS plants.
We observed a very high concentration of GS1 in epidermal
cells and a slightly lower concentration in external cortical
cells. The quantity of GS1, as determined by the density of
gold particles, was unchanged in the root epidermis and
cortex of SOD-AS plants (Figure 6A). In accordance with the
amount of GS2 (45 kD) detected by protein gel blot analy-
ses, we also observed a high degree of labeling in the plas-
tids (Figure 6A). The quantity of GS in the plastids was
similar to that of control plants (Figure 6B). In the root cen-
tral cylinder of SOD-AS plants, we found an extremely low
level of GS1. We focused our investigation particularly on
the phloem companion cells and found that this cell type
was completely unlabeled (Figures 6C and 6D). In contrast,
within the phloem companion cells of control plants, we ob-
served uncontestable cytosolic labeling (Figures 6E and 6F),
although the labeling intensity did not reach the level ob-
served in stem or leaf tissues (Figure 5).

Additional experiments were performed with two trans-
genic lines in which the same antisense Gln1-5–specific
mRNA fragment was expressed under the control of the
cauliflower mosaic virus (CaMV) 35S promoter. In terms of
both gene expression and protein distribution, similar results
were obtained in comparison with the SOD-AS antisense
plants (data not shown).

Physiology of the SOD-AS Transgenic Plants

To determine the effect of decreased levels of GS activity in
the phloem on ammonia assimilation and amino acid bio-
synthesis and transport, transgenic and control plants were
first grown for 8 weeks on a nitrate-containing solution (N12

Figure 3. GS Isoenzymes and GS Subunit Composition in SOD-AS–
Transformed Plants and Untransformed Control Plants.

(A) DEAE-Sephacel chromatography of GS activity in stem extracts
from untransformed (UT) and transformed tobacco SOD-AS7 and
SOD-AS9 plants expressing a GS antisense mRNA in the phloem.
Maximum GS activity was 16 mmol hr21 g21 fresh weight of tissue.
(B) to (D) Protein gel analysis of the corresponding peaks of GS ac-
tivity from fractions 21 to 38 in untransformed (B), SOD-AS7–trans-
formed (C), and SOD-AS9–transformed (D) plants. The upper band
(molecular mass of 45 kD) corresponds to the GS2 subunits, and the
lower bands (molecular mass of 40 kD for polypeptide a and 38 kD
for polypeptide b) correspond to the GS1 subunits.
(E) Protein gel blot analysis of GS subunit composition in roots of
untransformed (lanes 1 and 2) and SOD-AS7– and SOD-AS9–trans-
formed (lanes 3 and 4) plants. The upper band (molecular mass of
45 kD) corresponds to the GS2 subunits, and the lower bands (mo-
lecular masses of 40 and 38 kD) correspond to the GS1 subunits.
Polypeptide a corresponds to the phloem-specific GS subunit.
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Figure 4. Histochemical and Immunolocalization of GS in Stems of SOD-AS–Transformed and Untransformed Tobacco Plants.

In experiments using immunogold labeling followed by silver enhancement, similar results were obtained for both SOD-AS7– and SOD-AS9–
transformed plants.
(A) Histological presentation of a stem section, using PAS-NBB staining, showing different tissues such as the epidermis, the starch sheath
cells, the external phloem, the xylem, and the internal phloem.
(B) Control section treated with normal rabbit serum instead of anti-GS serum the specificity of labeling. Only a weak background signal was ob-
served (arrows).
(C) Immunolocalization of GS in a section of untransformed tobacco stem. Labeling was observed in the subepidermal cell layer (large arrows),
cells of the starch sheath layer (arrowheads), and some internal phloem cells (thin arrows). The white autofluorescence corresponds to the ligni-
fied xylem vessels.
(D) Magnification of the internal phloem zone presented in (C) showing intense labeling in the phloem companion cells.
(E) Immunolocalization of GS in stems sections of SOD-AS–transformed plants. Labeling also was observed in the subepidermal cell layer (large
arrows) and cells of the starch sheath layer (arrowheads). No apparent labeling was visible in the internal phloem.
(F) Magnification of the internal phloem zone presented in (E) showing very weak labeling in phloem companion cells (arrows).
e, epidermis; eph, external phloem; iph, internal phloem; pcc, phloem companion cells; S, sheath cells; x, xylem. Bars 5 50 mm.
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solution) and then forced to assimilate large amounts of am-
monium after a transfer to a complete nutrient solution con-
taining 8 mM NH4

1 as the sole nitrogen source for an
additional 2 weeks. Because many plants differ with respect
to ammonium tolerance (Salsac et al., 1987), untransformed
plants were initially tested for their ability to grow under dif-
ferent NH4

1 concentrations. A concentration of 8 mM was
selected for this study because after 2 weeks, it did not sig-
nificantly modify plant growth and development. Moreover,
no effect on growth was apparent in plants with reduced GS
activity in the phloem (data not shown).

Compared with untransformed controls, no significant dif-
ferences in the total amino acid concentration were ob-
served in leaves, stems, roots, xylem sap, or phloem sap of
transgenic plants (Tables 2 and 3). However, proline con-
centration and proportion were significantly decreased (be-
tween 35 and 75%) in roots, stems, and leaves and in the
phloem sap and xylem sap of transgenic plants when com-
pared with controls (Tables 2 and 3). Similar results were ob-
tained with respect to the proline content in transgenic
plants expressing the GS antisense mRNA under the control
of the CaMV 35S promoter (data not shown). The relative
concentrations of asparagine and glutamate were not signif-
icantly different in transgenic plants, except in the xylem
sap, in which asparagine concentration doubled from that
seen in the controls. A 25% decrease in glutamine in roots
and a 25% increase in serine and aspartate in most organs
and in the phloem sap were detected in GS antisense
plants.

A 15NH4
1-labeling experiment was then conducted, and

the dynamics of primary ammonia assimilation were exam-
ined in a pulse (15N)–chase (14N) experiment over a 48-hr pe-
riod to determine whether decreased GS activity in the
phloem had also modified the dynamics of proline accumu-
lation. Both untransformed control plants and transgenic
plants were fed for 48 hr with a nutrient solution containing 8
mM 15NH4

1 (50% 15N/total N). This pulse period was fol-
lowed by a 48-hr chase period on 8 mM 14NH4

1. This pulse–
chase experiment allowed the tracing of exogenous and
endogenous nitrogen, and it also showed the dynamics of
nitrogen transfer between various amino acids pools, such
as those of proline, glutamine, and glutamate. In untrans-
formed tobacco plants, a significant increase in proline con-
tent accompanied by a concomitant decrease in the
glutamine pool was clearly visible during the 48-hr chase
period (Figure 7). In contrast, the pool of glutamate showed
a small (but significant) increase.

This result suggests that glutamine was used as a precur-
sor for the synthesis of proline via glutamate. The latter as-
sumption is strengthened by the simultaneous increase in
15N-proline and decrease in 15N-glutamine, which demon-
strates that most of the proline synthesized during the chase
period is derived from a preexisting pool of glutamine. Fur-
thermore, the net decrease in the glutamine pool indicates
that the balance between the reactions leading to the syn-
thesis of glutamine and the synthesis of proline was in favor

of the latter. This observation confirms the hypothesis that
proline may constitute a strong sink for amino-nitrogen in
plants when a pulse of ammonia is provided to the plant
(Ahmad and Hellebust, 1988; Singh, 1993). Compared with
untransformed plants, glutamate, which apparently repre-
sents an intermediary pool between glutamine and proline,
was increased in transformed plants. However, the low but
significant decrease in 15N-glutamate indicates that its rate
of use was almost similar to its rate of synthesis. In contrast,
both the absence of proline accumulation and nitrogen-15
labeling of proline in transgenic plants confirmed that its
synthesis was strongly reduced. Compared with untrans-
formed control plants, the greater decrease in both
glutamine content and nitrogen-15 labeling of glutamine in-
dicates that during the chase period, the preexisting pool of
glutamine was used more extensively in transgenic plants.
In contrast, the use of glutamate was similar to that of the
control plants (Figure 7).

Phenotypic Effect of Salinity Stress on
Transgenic Plants

Proline is thought to play an important role as an osmoregu-
latory solute in plants subjected to drought and salt stress
(Delauney and Verma, 1993) and in stabilizing cellular struc-
tures as well as scavenging free radicals (Hare and Cress,
1997). Because antisense plants lacking GS activity in the
phloem had decreased proline content, we decided to look
at their phenotype after salt stress. Plants from each T 1

transgenic line (SOD-AS7 and SOD-AS9) and untransformed
control plants were first grown for 8 weeks on N12 solution.
Ten individuals of the same size and at the same stage of
development in the three sets of plants were grown for an
additional 2 weeks on the same growth medium supple-
mented with 25 mM NaCl. For the two transgenic lines, at
least half of the plants displayed a pronounced stress phe-
notype, consisting of wilting and bleaching in the older
leaves (Figures 8A and 8B), whereas the rest of the plants
displayed variable degrees of stress phenotype. After 2
weeks of salt treatment, the control plants were uniform,
showing no symptoms of stress (Figure 8C). Proline,
glutamate, and glutamine concentrations were measured in
the youngest leaves that did not show a visible stress phe-
notype. The concentration of proline in leaves of transgenic
plants was half that of the controls. The respective levels of
glutamate and glutamine were similar in both transgenic and
untransformed control plants (Table 4).

DISCUSSION

The antisense strategy (reviewed in Bourque, 1995) has
been successfully employed to inhibit the expression of
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Figure 5. Immunolocalization of GS by Electron Microscopy in Stems of SOD-AS Transgenic Tobacco Plants and Untransformed Control Plants.

Similar results were obtained with both SOD-AS7– and SOD-AS9–transformed plants.
(A) Labeling in chloroplasts of the subepidermal cells layer of SOD-AS–transformed plants.
(B) and (C) Localization of GS in the cytosol of phloem companion cells of untransformed control plants. The boxed area indicates the zone
magnified in (C). Note that the cytoplasm was strongly labeled, whereas mitochondria and cell walls remain unlabeled. (C) provides a view of the
cytoplasm of labeled companion cells of untransformed control plants.
(D) and (E) Localization of GS in the cytoplasm of phloem companion cells of SOD-AS–transformed plants. The boxed area indicates the zone
magnified in (E). A phloem companion cell of a SOD-AS–transformed plant showing weak labeling in the cytoplasm is shown in (E).
(F) Close-up view of the cytoplasm of a companion cell of a SOD-AS–transformed plant exhibiting very weak labeling. For comparison with un-
transformed control plants, see panel (C).
(G) Control section incubated with preimmune serum. Note that only a few gold particles are visible.
cw, cell wal; cy, cytolsol; m, mitochondria; p, chloroplasts; pcc, phloem companion cells; se, sieve elements; v, vacuole. Bars in (A), (B), and (E) 5
0.5 mm; bars in (C) and (F) 5 0.1 mm; bars in (D) and (G) 5 1 mm.



Role for Glutamine Synthetase in the Phloem 2003

genes involved in a variety of metabolic pathways, such as
nitrate reduction (Vaucheret et al., 1992), ammonium assimi-
lation (Temple and Sengupta-Gopalan, 1997), and carbon
assimilation (Rodermel et al., 1988; Quick et al., 1991) as
well as floral pigmentation (Mol et al., 1989). To evaluate the
physiological impact of decreased GS activity in the phloem
of plants, an antisense GS gene was specifically expressed
in the vascular tissue of tobacco. This antisense approach
was effective in silencing both GS1 gene expression and
GS1 activity in the phloem of transgenic tobacco plants.
Similar results were obtained when the CaMV 35S promoter,
which is able to confer a specific expression of Gln1-5 anti-
sense mRNA in the phloem tissues of mature tobacco plants
(Benfey et al., 1990), was used rather than the Cu/Zn SOD
promoter (data not shown). The mechanism by which anti-
sense inhibition operates is still not fully understood, because
it can affect a variety of regulatory processes, including
mRNA synthesis, transport, or translation (Bourque, 1995).
In this study, we showed that in the two transgenic lines ex-
hibiting reduced midrib GS activity, both the native tran-
scripts and the antisense mRNAs were lacking. This finding
strongly suggests that a degradation of a native mRNA–anti-
sense RNA duplex had occurred.

In chlorophyllous tissues, neither the steady state GS2
mRNA content nor GS2 content or activity was affected by
the antisense inhibition of GS1 expression. An RNase pro-
tection assay clearly showed that the steady state amount
of Gln1-5 transcripts encoding GS1 specifically expressed
in the phloem was decreased in tobacco plants expressing
the antisense Gln1-5 RNA. This experiment demonstrates
that by using a specific DNA sequence fused to a promoter
directing tissue-specific expression, it is possible to target
the synthesis of antisense transcripts to inhibit specifically
the expression of a single member in a multigene family. Al-
though this strategy rarely has been successful in higher
plants (Bourque, 1995), we demonstrate in this study that it
can be a useful tool to explore the physiological role of a sin-
gle component of an isoenzymatic system. Attempts to
downregulate GS in the phloem were made by Temple et al.
(1994) by introducing a construct consisting of an Arabidop-
sis acid chitinase promoter driving the expression of a GS1
cDNA from alfalfa placed in the antisense orientation. Rela-
tively few transformants were selected from this experiment.
These transformants exhibited severe symptoms of nitrogen
deficiency, which most probably were due to a general de-
crease of GS activity within the plant. Moreover, these au-
thors did not clearly demonstrate that GS expression was
impaired specifically in the vascular tissue, complicating the
interpretation of results from the transgenic plants (Temple
et al., 1994; Temple and Sengupta-Gopalan, 1997).

In this study, the main consequences of the impairment of
GS activity in the phloem of tobacco plants was the signifi-
cant decrease in proline in roots, stems, and leaves when
ammonium was fed to the transgenic plants after culture on
standard N12 nutrient solution to boost the flux of reduced
nitrogen through the GS/glutamate synthase pathway. In

contrast, the relative steady state levels of the major amines
and amides such as glutamate, glutamine, aspartate, and
asparagine were similar or only slightly modified.

An increase, related to control, in the asparagine concen-
tration in the xylem exudates of transgenic plants suggests
that more asparagine was exported from the roots to the
shoots. A significant increase in aspartate and serine con-
centrations (from 20 to 35%) was also observed in most
plant organs and in the phloem sap of transgenic plants. This
may result from a transient increase in glutamate, which
may then be rapidly metabolized by the enzyme aspartate
aminotransferase and by the photorespiratory nitrogen cycle
in response to an excess of ammonia (Canvin and Salon,
1997). Interestingly, this increase was more pronounced in
chlorophyllous tissues and in the phloem sap, which sug-
gests that this could provide means of maintaining a constant
rate of glutamate synthesis and export in photosynthetic
tissues.

Therefore, it can be concluded that the major conse-
quence of decreased GS in the phloem, in terms of amino
acid content and transport, is a decrease in the amount of
proline present in different organs or transported within the
plant. This observation confirms the hypothesis that synthe-
sis of proline (Raab and Terry, 1995), rather than synthesis
of arginine, glutamine, or asparagine, may be a means of as-
similating excess ammonium, acting as an additional mode
of nitrogen storage (Ahmad and Hellebust, 1988; Singh,
1993). In particular, a marked (up to threefold) decrease was
observed in the proline content of the phloem sap and the
xylem sap. This observation suggests that a decrease in
proline synthesis may have occurred in both shoots and
roots, which are the major sites of proline synthesis (Hua et
al., 1997). Moreover, the large decrease in proline in the xy-
lem sap confirms the hypothesis of Hua et al. (1997), who
suggested that proline synthesized in roots is exported to
other parts of the plant.

In higher plants, proline synthesis is catalyzed by the en-
zymes D1-pyrroline-5-carboxylate synthetase (Hu et al.,
1992) and D1-pyrroline-5-carboxylate reductase, which use
glutamate as a substrate (Delauney and Verma, 1993). Pro-
line synthesis occurs in various cellular compartments in
roots and leaves (Szoke et al., 1992). Transgenic tobacco
plants overexpressing D1-pyrroline-5-carboxylate synthe-
tase (Kishor et al., 1995) exhibited increased proline synthesis.
However, it was not determined in this study whether the
availability of either glutamate or glutamine was an impor-
tant limiting factor for proline production because the type
of analysis that was performed did not differentiate between
the two amino acids.

To determine which step in glutamate recycling was limit-
ing for proline production, a 15NH4

1/14NH4
1 pulse–chase ex-

periment was performed with both untransformed control
plants and SOD-AS plants. This experiment confirmed that
proline synthesis was strongly reduced in transgenic plants
but showed that glutamine rather than glutamate is the ma-
jor amino acid used for proline synthesis via a constant pool
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Figure 6. Immunolocalization of GS by Electron Microscopy in Roots of SOD-AS–Transformed and Untransformed Control Tobacco Plants.

Similar results were obtained with both SOD-AS7– and SOD-AS9–transformed plants.
(A) Heavy labeling in the cytoplasm of an SOD-AS epidermal cell (arrows indicate some of the numerous gold particles). Note also heavy labeling
observed in the plastids of an external cortical cell.
(B) Heavy labeling in the plastid of a root external cortical cell of an untransformed control plant.
(C) and (D) Overall view (C) and detail (D) of a phloem companion cell in a SOD-AS–transformed plant. The arrow shows the only gold particle
observed.
(E) and (F) Localization of GS in the cytosol of phloem companion cells of untransformed control plants. Arrows indicate the gold particles ob-
served.
CW, cell wall; m, mitochondria; p, plastids; pcc, phloem companion cells; se, sieve elements. Bars in (A) and (D) to (F) 5 0.5 mm; bar in (B) 5
0.1 mm; bar in (C) 5 5 mm.
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of glutamate. The lack of GS activity in the phloem of SOD-
AS transgenic plants is likely to provoke a shortage in
glutamine, which preferentially may be used for export and/
or as an amino group donor rather than for proline synthesis.
In this experiment, the increase in the glutamate pool over a
48-hr period may be explained by a lessened amount of re-
cycling through the glutamate synthase reaction in response
to the shortage of glutamine. The increase in glutamate was
not observed when amino acid steady state levels were
measured after ammonia was provided to the plants, indi-
cating that it was transient. These observations agree with
the work of Rhodes et al. (1986), who showed that even
when large quantities of proline were synthesized, gluta-

mine, which constitutes a metabolically inactive storage
pool, was the only amino acid to exhibit a significant decline
in response to water stress.

These observations led us to propose that GS in the
phloem plays a major role in regulating proline synthesis.
This hypothesis is consistent with the recent work of Larher
et al. (1998), who showed that application of a GS inhibitor
to leaf discs prevented conversion of amino acids to proline.
Furthermore, the phenotype observed in transgenic plants
fed with 25 mM NaCl indicates that they were less tolerant
of salt stress. In the youngest leaves of transgenic plants
that are the major site of amino acid accumulation (including
proline; Dungey and Davis, 1982; Fukutoku and Yamada,

Table 2. Concentration and Proportion of Amino Acids in Leaves, Stems, and Roots of Control and SOD-AS Antisense Plants

Amino Acid Concentration (nmol/mg Dry Weight) and Proportions (%)a

Amino
Acids

Leaves Stems Roots

UT SOD-AS7 SOD-AS9 UT SOD-AS7 SOD-AS9 UT SOD-AS7 SOD-AS9

Asp 1.0 (0.9) 1.0 (0.6) 0.7 (0.4) 6.7 (3)b 14.0 (7.7)b 15.6 (8.2)b 2.6 (4.2) 2.3 (4.6) 2.7 (5.1)
Asn 3.8 (3.4) 4.5 (2.8) 4.6 (2.8) 24.4 (11) 19.0 (10.4) 22.2 (11.7) 3.7 (6.1) 1.5 (3) 1.5 (2.8)
Glu 1.2 (1.1) 1.0 (0.6) 1.1 (0.7) 10.9 (4.9) 16.2 (8.9) 13.4 (7) 5.3 (8.6) 4.2 (8.5) 3.6 (6.8)
Gln 8.8 (8) 16.5 (10.5) 20.7 (12.9) 80.5 (36.4) 67.6 (37) 60.2 (31.8) 16.0 (25.9) 10.3 (20.9) 9.1 (17.3)
Pro 36.5 (33.4)b 26.0 (16.4)b 24.0 (15)b 62.5 (28.2)b 35.1 (19.3)b 32.3 (17)b 4.1 (6.7)b 2.1 (4.2)b 2.3 (4.3)b

Ser 23.8 (21.8)b 43.2 (27.5)b 47.6 (29.7)b 13.4 (6.1) 15.1 (8.3) 17.7 (9.3) 4.6 (7.4) 4.5 (9.1) 4.9 (54)
Others 34.4 (31.9) 65.6 (41.7) 61.5 (38.4) 22.5 (10.4) 14.0 (7.7) 27.6 (14.6) 24.6 (41.1) 24.4 (49) 28.4 (54)
Total 109625 (100) 157635 (100) 160628 (100) 221631 (100) 181632 (100) 189614 (100) 61.366 (100) 49.365 (100) 52.567 (100)

a Amino acids were separated and quantified in tobacco plants grown for 8 weeks on a complete N12 solution and for an additional 2 weeks on
8 mM NH4

1 as sole nitrogen source. Values are the mean of six untransformed control plants (UT) and the two SOD-AS7 and SOD-AS9 trans-
genic lines for which three individual plants were analyzed (SOD-AS). Relative amino acid proportions are given in parentheses. Standard devia-
tion for the individual amino acids was of the same order of magnitude when compared with the total amino acids.
b Significant changes in the amino acid proportions.

Table 3. Concentration and Proportion of Amino Acids in Phloem Sap and Xylem Sap of Control and SOD-AS Antisense Plants

Amino Acid Concentration (nmol/mL) and Proportions (%)a

Amino
Acids

Phloem Exudate Xylem Exudate

UT SOD-AS7 SOD-AS9 UT SOD-AS7 SOD-AS9

Asp 54.9 (5.1)b 94.8 (8.7)b 103.0 (9.1)b 35.8 (1.8) 31.2 (2.0) 32.4 (1.9)
Asn 47.9 (4.4) 42.1 (3.9) 46.1 (4.1) 195.0 (9.8)b 230.0 (15.1)b 248.0 (15.3)b

Glu 75.6 (7) 93.2 (8.6) 95.0 (8.4) 71.1 (3.6) 59.0 (3.9) 51.0 (3.1)
Gln 96.5 (8.9) 121.0 (11.1) 113.0 (9.9) 669.0 (33.6) 605.0 (39.8) 645.0 (39.6)
Pro 393.0 (36.5)b 251.0 (23.1)b 269.0 (23.7)b 288.0 (14.5)b 79.1 (5.2)b 69.3 (4.3)b

Ser 233.0 (21.6)b 340.0 (31.3)b 359.0 (31.7)b 108.0 (5.4) 78.0 (5.1) 72.0 (4.4)
Others 177.0 (16.4) 143.0 (13.2) 149.0 (13.1) 624.0 (31.3) 438.0 (28.8) 509.0 (31.3)
Total 10786112 (100) 1085648 (100) 11346108 (100) 19906182 (100) 15206106 (100) 16276139 (100)

a Amino acids were separated and quantified in tobacco plants grown for 8 weeks on a complete N12 solution and for an additional 2 weeks on
8 mM NH4

1 as sole nitrogen source. Values are the mean of six untransformed control plants (UT) and the two SOD-AS7 and SOD-AS9 trans-
genic lines for which three individual plants were analyzed (SOD-AS). Relative amino acid proportions are given in parentheses. Standard devia-
tion for the individual amino acids was of the same order of magnitude compared with total amino acids.
b Significant changes in the amino acid proportions.
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Figure 7. Evolution of Proline, Glutamate, and Glutamine Pool Sizes
and Nitrogen-15 Abundance in Tobacco Leaves over a 48-Hr Period.

Plants were labeled for 48 hr with 15NH4Cl (pulse period) and grown
for an additional 48 hr on 

14NH4Cl (chase period). The evolution of
the proline, glutamate, and glutamine pools and their respective ni-
trogen-15 content was measured between the pulse and chase peri-
ods. Values expressed as a percentage of the maximum are the
mean (6SD) of four untransformed control plants (filled) and two
SOD-AS7 (stippled) and SOD-AS9 (open) transgenic lines for which
two individual plants were analyzed.

1984), amino acid analysis showed that proline was less
abundant.

Our study represents a significant contribution toward a
better understanding of the mechanisms controlling proline
production in higher plants and demonstrates that the regu-
lation of this metabolic pathway may be controlled by the
availability of glutamine in specialized cellular structures,
such as the phloem. To determine the regulation and signal-
ing of nitrogen remobilization and recycling under water
stress conditions (Bauer et al., 1997), further molecular and
physiological studies will be conducted using either trans-
genic plants or mutants affected in the pathway of ammonia
assimilation.

METHODS

Plant Material

Tobacco (Nicotiana tabacum L. var Xanthi) plants were grown in a
controlled environment growth chamber (16 hr of light, with 150 to
200 mmol of photons m22 sec21, at 268C, and 8 hr of darkness at
188C). Seeds of control plants and transgenic lines were sown on MS
(Murashige and Skoog, 1962) medium or MS medium containing
kanamycin (200 mg/mL), respectively, and grown in vitro for 15 days.
Plantlets were then transferred to sand and grown for 8 weeks in a
growth chamber in N12 solution (10 mM NO3

2 and 2 mM NH4
1; Coïc

and Lesaint, 1971). After this period, plants were grown for an addi-
tional 2 weeks with an 8 mM NH4

1 complete solution containing 1.25
mM K1, 0.25 mM Ca1, 0.25 mM Mg21, 1.25 mM H2PO4

2, 21.5 mM
iron (Sequestrene; Ciba-Geigy, Basel, Switzerland), 23 mM boron, 9
mM manganese, 0.3 mM molybdenum, 0.95 mM copper, and 3.5 mM
zinc. Ammonium was supplied as 1.5 mM (NH4)2SO4 plus 1 mM
NH4H2PO4 plus 4 mM NH4Cl. Plants were automatically watered for 1
min (flow rate for each plant of 50 mL/min) every 2 hr during the day
and every 4 hr during the night.

Construction of the Chimeric SOD-AS Gene

The SstI-BamHI fragment of 274 bp from the coding region of the
Gln1-5 tobacco cDNA (EMBL accession number X95932; Dubois et
al., 1996) was cloned into a BamHI-SstI–cut (devoid of b-gluc-
uronidase) pBI121 plasmid (Jefferson et al., 1987) to obtain pBI-35S-
AS. The SOD promoter from Nicotiana plumbaginifolia was excised
from pCZ12SOD (Hérouart et al., 1993) using a HindIII-HincII digest
and subcloned into HindIII-EcoRV–cut pBluescript SK1 (Stratagene,
La Jolla, CA). The resulting pBS-SOD plasmid was then digested by
HindIII and BamHI, and the fragment containing the promoter was
cloned into HindIII-BamHI–cut pBI-35S-AS (devoid of the 35S pro-
moter) to give the pBI-SOD-AS vector.

Plant Transformation

The pBIN19-derived vector containing the SOD-AS construct in
Escherichia coli DH5a (Maniatis et al., 1982) was transferred to Agro-
bacterium tumefaciens (strain LBA4404) (Bevan, 1984) via triparental
mating using pRK2013 as a helper (Ditta et al., 1980). The transfor-
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mants selected on kanamycin were used to inoculate leaf discs of N.
tabacum (Horsch et al., 1985), and transformed callus and shoots
were selected on MS (Murashige and Skoog, 1962) medium contain-
ing kanamycin (200 mg/mL). Transformed shoots were rooted on MS
medium containing kanamycin, transferred to the greenhouse, and
grown for 8 weeks with the Coïc and Lesaint solution (Coïc and
Lesaint, 1971). At this stage, midribs from independently transformed
plants and untransformed control plants were harvested and stored
in a 2808C freezer until used for RNA extraction. The plants were
self-fertilized and allowed to set seed. The resulting T1 progeny were
used to study the physiology of the antisense plants.

RNA Gel Blot Analysis and S1 Protection Assay

Total RNA was isolated from 0.5 to 1 g of frozen N. tabacum plant
material using a hot phenol extraction procedure and a selective pre-
cipitation with 4 M LiCl to remove traces of DNA and small RNA spe-

cies (Verwoerd et al., 1989). For gel blot experiments, total RNA
samples were prepared as described by Becker et al. (1993). For
staining, 1 mL of a solution containing 10 mg mL21 of ethidium bro-
mide was added to each denatured RNA sample. Electrophoretic
separation was performed on 1.5% agarose gels containing 5% (v/v)
of a solution of 37% formaldehyde in Mops buffer (0.02 M Mops, pH
7.0, 5 mM sodium acetate, and 1 mM EDTA). Gels were blotted onto
GeneScreen membranes (New England Nuclear Research Products,
Boston, MA) and hybridized with random-primed 32P-labeled probes
(Prime-It RmT; Stratagene). Hybridizations were performed at 658C in
50 mM Tris-HCl, pH 7.5, 0.2% serum albumin, 0.2% PVP (Mr of
40,000), 0.2% Ficoll (molecular weight of 400,000), 0.1% sodium
pyrophosphate, 1% SDS, 6% NaCl, and 100 mg/mL denatured calf
thymus DNA. Filters were washed twice with 2 3 SET (0.06 M Tris-
HCl, pH 7.6, 0.3 M NaCl, and 4 mM EDTA) for 5 min at room temper-
ature with constant agitation and once at 658C for 30 min. Additional
washings were done successively with 1 3 SET, 0.5 3 SET, and
0.25 3 SET at 658C for 20 min; the filters were then dried and ex-
posed to x-ray film (Biomax MS; Kodak). Quantitative analyses were
done using an Advanced Quantifier (Bio Image, Ann Arbor, MI).

S1 protection assays were conducted according to Coruzzi et al.
(1984) with a 32P-labeled single-stranded RNA probe synthesized in
vitro using SP6 polymerase (SP6/T7 transcription kit; Boehringer
Mannheim) and 32P-UTP (Du Pont–New England Nuclear, Boston,
MA), as described by Dubois et al. (1996).

Protein Extraction, Fractionation, Enzymatic, Assay, and Protein 
Gel Blot Analyses

All operations were performed at 48C. Leaves, stems, or roots of
each plant were harvested and stored at 2808C until use. SamplesFigure 8. Phenotype of Control and SOD-AS–Transformed Plants

Subjected to Salinity Stress.

(A) Transgenic line SOD-AS7.
(B) Transgenic line SOD-AS9.
(C) Untransformed control plants.
Plants were grown on an N12 solution (see Methods) for 8 weeks
and then transferred to an N12 solution supplemented with 25 mM
NaCl for another 2 weeks.

Table 4. Concentration and Proportion of Amino Acids in Young 
Developing Leaves of Control and SOD-AS Antisense Plants 
Treated with Salinity Stress

Amino
Acids

Amino Acid Concentration (nmol/mg Dry Weight)
and Proportions (%)a

UT SOD-AS7 SOD-AS9

Glu 19.0 (12.4) 21.5 (12.9) 24.5 (17.3)
Gln 15.8 (10.3) 19.2 (11.5) 22.4 (15.8)
Pro 18.0 (11.8)b 10.3 (6.2)b 8.5 (6.0)b

Others 100.2 (65.5) 116.0 (69.5) 86.0 (60.8)
Total 153 6 18 (100) 167 6 17 (100) 141 6 39

a Amino acids were separated and quantified in tobacco plants
grown for 8 weeks on a complete N12 solution and transferred for an
additional 2 weeks into the same solution supplemented with 25 mM
NaCl. Values are the mean of six untransformed control plants (UT)
and the two SOD-AS7 and SOD-AS9 transgenic lines for which three
individual plants were analyzed (SOD-AS). Relative amino acid pro-
portions are given in parentheses. Standard deviation for the individ-
ual amino acids was of the same order of magnitude compared with
total amino acids.
b Significant changes in the amino acid proportions.
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a 100-mg dry weight sample was agitated for 1 hr in 3 mL of 96%
ethanol at 48C. After centrifugation for 10 min at 27,000g, the ethanol
fraction was saved. The process was repeated with 60% ethanol and
finally with water. The three ethanol/water fractions were combined;
aliquots were dried in a speed-vac desiccator (Savant, Holbrook, NY)
and stored at 2808C until analysis. Amino acids and free ammonium
were determined on water-solubilized aliquots. Samples were as-
sayed for amino acid determination by ninhydrin (Rosen, 1957). The
same quantities of amino acids were separated by ion exchange
chromatography (LC 5001 analyzer; Biotronik, Maintel, Germany;
lithium citrate buffers; and ninhydrin postcolumn derivatization),
identified using a mixture of amino acids (Benson, Reno, NV), and
quantified using the Perkin-Elmer Nelson software. Values in per-
centages are the mean of three independent plants.

Nitrogen-15 Labeling Experiment and Gas Chromatography and 
Mass Spectrometry

N. tabacum plants (four control plants and four SOD-AS transgenic
plants) were grown for 8 weeks on N12 solution, as described above
in Plant Material, and then watered with a nitrogen-free solution (Coïc
et al., 1972) for 5 days to avoid the accumulation of inorganic nitro-
gen (mainly stored as nitrate in the vacuole). The plants were then
watered for 48 hr with a complete nutrient solution containing 8 mM
NH4

1 (see Plant Material) and enriched with 50% 15NH4Cl. After the
labeling (pulse) period, five leaf discs of 1 cm in diameter (400 to 500
mg fresh weight) were harvested (each from a different leaf stage)
from control and transgenic plants and stored at 2808C for further
analysis. The root system of these plants was then extensively rinsed
with an 8 mM 14NH4

1 solution to eliminate excess 15NH4
1 and grown

for an additional 48 hr on the same nutrient solution, constituting a
chase period. After this chase period, five new leaf discs were har-
vested in control plants and transgenic plants and stored at 2808C
for further analysis. Both the evolution of their amino acid content
and their respective 15N enrichment were examined between the
pulse and the chase period by gas chromatography coupled to mass
spectrometry (GC-MS).

Amino acids were extracted using a modified procedure originally
described by Lejay et al. (1997). Frozen samples (ranging from 300
to 500 mg fresh weight of tissue) were ground in liquid nitrogen and
extracted at 48C in 5 mL of methanol-chloroform (12/5 [v/v]) for 60
min. The homogenate was centrifuged at 27,000g for 20 min. The
pellet was then extracted with 5 mL of methanol-chloroform-water
(12/5/3 [v/v]), and the two supernatants were pooled. The addition of
3 mL of chloroform and 4 mL of water to the pooled supernatants al-
lowed the separation of two phases. After centrifugation at 800g for
5 min, the upper methanol/water fraction was collected, freeze-
dried, and redissolved in 1 mL of distilled water. The resulting sam-
ples were then applied to 5.0 3 0.5 cm Dowex-50 H1 columns (Bio-
Rad) and washed with 5 mL of distilled water. Amino acids were
eluted with 4 mL of 6 M NH4OH. The amino acid fraction was lyoph-
ilized and redissolved in the suitable buffer for either quantification
of total amino acids or GC-MS analysis. Amino acid quantities were
determined as described earlier. For GC-MS analysis, lyophilized
amino acid samples were resuspended in 0.1 N HCl, dried under N2,
and derivatized with N-methyl-N-(tert-butyldimethylsilyl)-trifluor-
oacetamid (Pierce, Rockford, IL), as described by Rhodes et al.
(1989). The atom percentage of nitrogen-15 of each amino acid
was then determined by GC-MS analysis (model MD800; Fisons,
Beverly, MA).

were ground in liquid nitrogen (5 mL/g fresh tissue), and the powder
was transferred to an ice-cold mortar containing extraction buffer (25
mM Tris-HCl, pH 7.6, 1 mM MgCl2, 1 mM EDTA, 14 mM b-mercap-
toethanol, and 1% [w/v] of Polyclar AT (Sigma) and ground until ho-
mogenization. The slurry was filtered through Miracloth (Calbiochem,
San Diego, CA) and centrifuged at 30,000g for 30 min. The superna-
tant was assayed for glutamine synthetase (GS) activity, as de-
scribed by Guiz et al. (1979). Protein concentration of tissue extracts
was determined by the method of Bradford (1976). Proteins were
fractionated by SDS-PAGE (10% polyacrylamide) according to
Laemmli (1970). The denaturated proteins were then electrophoreti-
cally transferred onto a nitrocellulose membrane (Schleicher and
Schuell), as described by Towbin et al. (1979). An anti-GS2 antiserum
raised in rabbits against GS2 of tobacco was used to detect GS pro-
teins (Hirel et al., 1984). The signals were quantified by densitometric
scanning using the Bio Image Advanced Quantifier 1-D Match soft-
ware.

For DEAE-Sephacel (Pharmacia, Uppsala) chromatography, 2 g of
stems from four wild-type plants or four SOD-AS7 or SOD-AS9
plants were ground as described above. The brei was filtered
through Miracloth and centrifuged at 40,000g for 30 min. The super-
natant was loaded (flow rate of 0.5 mL min21) onto a DEAE-Sephacel
column (9 cm 3 1 cm) (Econo-Column; Bio-Rad, Richmond, CA) that
had been equilibrated previously in the extraction buffer without
Polyclar AT. After loading, the column was washed with the same
buffer for 50 min at a flow rate of 0.5 mL/min. Proteins were then
eluted with a linear gradient of 0 to 0.4 M NaCl at a flow rate of 0.25
mL/min using a gradient former (Econo Pump and System Controller;
Bio-Rad). Forty-eight fractions of 2 mL were collected and assayed
for GS activity, as described above. Protein fractions were concen-
trated using microconcentrators (Microcon-3; Amicon, Beverly, MA),
and protein gel blot experiments were performed as described above
by using 6 mg of proteins from each fraction.

Phloem and Xylem Sap Collection

Phloem and xylem exudates were collected from N. tabacum plants
grown as described above. Phloem exudates were obtained using
the technique described by King and Zeevaart (1974). The leaves
were cut off and petioles were recut under water before rapid immer-
sion in the collection buffer. For each experiment, petioles of fully ex-
panded leaves of three untransformed and three of each SOD-AS
plants were placed separately in a solution of 10 mM Hepes and 10
mM EDTA (adjusted to pH 7.5 with NaOH) in a humid chamber (rela-
tive humidity .90%) and in the dark. Exudates were collected during
6 hr from 10:00 AM to 4:00 PM. The fresh weights of the leaves were
then measured and the exudates stored at 2808C. Phloem exudates
(in the EDTA solution) were adjusted to pH 2.1 and centrifuged to re-
move debris and EDTA, which precipitates at that pH.

For xylem sap collection, stems of plants were cut 2 cm above the
root system, and the cut stem was rinsed with water and blotted dry.
Root pressure bleeding sap (z200 mL per plant) was collected with a
micropipette, and the samples were immediately stored at 2808C.
Amino acid analysis was performed as described below.

Amino Acid Analysis

Samples of the first fully expanded leaf, stem, or root of six control or
six SOD-AS plants (three of each primary line) were freeze-dried, and
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Immunocytochemical Studies

The different N. tabacum organs were fixed in freshly prepared 1.5%
paraformaldehyde in phosphate buffer for 4 hr at 48C. For immunolo-
calization, material was dehydrated in an ethanol series (final con-
centration of 80% ethanol) and then embedded in London Resin
white resin (Polysciences, Warrington, PA). Polymerization was con-
ducted in gelatin capsules at 508C.

For structural investigations, thin sections (1 mm) were stained by
the Periodic Acid Schiff’s–Naphtol Blue-Black (PAS-NBB) method,
as described by Sangwan et al. (1992).

For immunotransmission electron microscopy studies, ultrathin
sections were mounted on 400-mm mesh nickel grids and allowed to
dry at 378C. Sections were first incubated with 5% normal goat se-
rum in T1 buffer (0.05 M Tris-HCl buffer containing 2.5% NaCl, 0.1%
BSA, and 0.05% Tween 20, pH 7.4) for 1 hr at room temperature and
then with anti-GS rabbit serum diluted 1:70 in T1 buffer for 6 hr at
room temperature. Sections were then washed five times with T1
buffer, two times with T2 buffer (0.02 M Tris-HCl buffer containing
2% NaCl, 0.1% BSA, and 0.05% Tween 20, pH 8.0), and incubated
with 10-nm colloidal gold goat anti–rabbit immunoglobulin complex
(Sigma) diluted 1:50 in T2 buffer for 2 hr at room temperature. After
several washes, grids were treated with 5% uranyl acetate in water
and observed with an electron microscope (model CM12; Philips,
Eindhoven, The Netherlands) at 80 kV.

For immunophotomicroscopy studies, thin sections of 2 mm were
floated on drops of sterile water on slides coated with Biobond (British
Biocell, Cardiff, UK), and the same procedure for labeling was used,
except that 1 nm, instead of 10 nm, colloidal gold goat anti–rabbit
immunoglobulin complex (British Biocell) was used. Labeling be-
came visible when silver enhancement was performed as described
by the supplier (British Biocell), and sections were back stained with
1% fuchsine before microscopic observations under bright field and
epipolarized light on an epifluorescent photomicroscope (Eclips 800;
Nikon, Tokyo, Japan). To visualize polysaccharides, cell wall and
starch sections were treated with PAS-NBB (Sigma).

For both techniques, controls were conducted either by omitting
the primary antibody or by substituting it with normal rabbit serum.
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